A major challenge in high-resolution x-ray free-electron laser-based coherent diffractive imaging is the development of aerosol injectors that can efficiently deliver particles to the peak intensity of the focused X-ray beam. Here, we consider the use of a simple convergent-orifice nozzle for producing tightly focused beams of particles. Through optical imaging we show that 0.5 lm particles can be focused to a full-width at half maximum diameter of 4.2 lm, and we demonstrate the use of such a nozzle for injecting viruses into a micro-focused soft-X-ray FEL beam.
A major challenge in high-resolution x-ray free-electron laser-based coherent diffractive imaging is the development of aerosol injectors that can efficiently deliver particles to the peak intensity of the focused X-ray beam. Here, we consider the use of a simple convergent-orifice nozzle for producing tightly focused beams of particles. Through optical imaging we show that 0.5 lm particles can be focused to a full-width at half maximum diameter of 4.2 lm, and we demonstrate the use of such a nozzle for injecting viruses into a micro-focused soft-X-ray FEL beam. X-ray free-electron lasers (XFELs) offer a compelling new approach to imaging a wide variety of aerosolized particles at high resolution and under conditions that are not accessible through cryogenic electron microscopy or synchrotron-based X-ray microscopy. XFELs produce intense X-ray pulses of only a few tens of femtoseconds in duration, which are sufficient to overcome the fundamental resolution-limiting effects of X-ray radiation damage (Howells et al., 2009) by making the illumination duration shorter than the time scale for the onset of significant atomic motion (Neutze et al., 2000; Chapman et al., 2006; Barty et al., 2012; and Suga et al., 2014) . Diffraction patterns can be used to form images of targets without the need for lenses, and at resolutions limited, in principle, only by the X-ray wavelength [Hawkes and Spence, 2005; Nugent, 2010) . Two dimensional sub-nanometer-resolution images should be achievable from single-shot diffraction patterns of irreproducible targets such as living cells and aerosol particles, and three-dimensional atomic-resolution structure determination should be possible by assembling many patterns from reproducible targets such as proteins and viruses a) R. A. Kirian and S. Awel contributed equally to this work.
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V C Author(s) 2015 2, 041717-1 (each of which is destroyed completely by an XFEL pulse) (Bergh et al., 2008) . Since femtosecond pulses outrun atomic motion with timescales on the order of 10 fs, in principle, practically any target can be studied without the need for cryogenic cooling, which is usually required in electron microscopy (Frank, 2006) and X-ray microscopy (McDermott et al., 2012) of biological samples. Time-resolved studies are also enabled, for example, by inducing structural changes with an optical laser that precedes an X-ray pulse (Tenboer et al., 2014) .
Coherent diffractive imaging of aerosols was first demonstrated at the FLASH soft-X-ray FEL facility and has recently been extended to the hard-X-ray regime at facilities such as LCLS and SACLA. A wide variety of results have emerged in recent years, including images of RNA microsponges , viruses (Seibert, 2011) , cell organelles (Hantke et al., 2014) , and whole cells . Threedimensional structures have been determined from inorganic particles (Xu et al., 2014) and viruses . Aerosol particulates have been studied (Bogan et al., 2010; Loh et al., 2012) , as have superfluid helium droplets (Gomez et al., 2014) , atomic clusters (Rupp et al., 2014) , small gas-phase molecules (K€ upper, 2014) , and metallic nanoparticles (Barke et al., 2015) .
XFEL-based imaging is best performed on isolated, substrate-free targets, in order to avoid scattered-photon noise and reduced contrast associated with surrounding materials such as liquid solvent or solid supports. XFEL pulse repetition rates are presently 100-120 Hz, and samples, therefore, must be replaced in rapid succession. X-ray focal spot diameters are typically in the range of 0.1-5 lm, and the rate at which X-rays intercept targets is of extreme importance since XFELs are costly large-scale facilities based on linear accelerators that are typically available to only one user group at a time. To this end, most femtosecond single-particle imaging experiments have utilized aerodynamic lens stacks (Murphy and Sears, 1964; Liu et al., 1995; in order to concentrate and inject particles into the vacuum environment of experimental end stations. These lens stacks consist of a series of concentric axis-symmetric apertures that cause particles to migrate toward the central streamline upon optimization of the relative magnitudes of particle inertial forces and gas-drag forces. As shown by Robinson (Robinson, 1956) , particles in an incompressible and irrotational gas flow field generally tend to follow trajectories towards regions of higher density. Aerodynamic lens stacks are capable of producing collimated streams of protein-sized particles (of the order 5-30 nm in size) with particle beam diameters of a few hundred micrometers (Wang and McMurry, 2006b; Benner et al., 2008) . For particles such as large viruses (on the order of 30-500 nm), particle beams can be produced with diameters of just a few tens of micrometers (DiFonzo, 2000; Qi et al., 2010) . Formulae and software are available to assist in the design of aerodynamic lens stacks (Wang and McMurry, 2006a) .
Experimental hit fractions (fraction of X-ray pulses that intercept a target) are proportional to the X-ray beam cross-section, and sub-micrometer dimensions are often required due to the need for very high intensity when imaging small, weakly scattering objects. Hit fractions are determined by the X-ray beam area and the projection of the particle-beam density along the X-ray beam. The projected particle beam density is inversely proportional to both the particle beam diameter and the speed of the particles, assuming a fixed rate at which particles exit the injector. One can improve the efficiency of XFEL experiments by reducing either of these parameters. As an example, hit fractions of about 80% have been achieved for a 5-lm-X-ray beam by Hantke et al. (2014) , but this fraction would drop to 0.032% in the case of a 100-nm-X-ray beam and otherwise identical conditions, assuming that the hit fraction is proportional to the area of the X-ray beam. Notably, most of the hits reported by Hantke et al. were faint hits corresponding to particles located far from the center of the X-ray beam. If the particle beam was focused to dimensions smaller than the X-ray focus, even at the expense of higher particle speeds, the fraction of faint hits could be reduced significantly. Sample delivery efficiency (fraction of injected targets that are intercepted by an X-ray pulse) is another concern, since samples are often available only in small quantities and can be expensive to produce. Delivery efficiency is proportional to the hit fraction as well as the XFEL pulse repetition rate.
In this paper, we investigate the use of a compact single-orifice aerosol injector, operating with a 1 bar pressure difference between the injector and vacuum chamber, for XFEL diffractive imaging experiments. Our design is motivated by extensive work spanning several decades (Israel and Friedlander, 1967; La Mora et al., 1988; Fernandez de la Mora and RosellLlompart, 1989; and Mallina et al., 1999) that show how sub-or super-sonic free-jet expansions into vacuum from a single capillary or convergent orifice can produce particle beams with either small angular divergence or tight focus. Slowly converging capillary injectors are also under investigation, mainly for the purpose of aerosol-based printing applications (Hoey et al., 2012) , and recent work has shown that nanoparticles can be focused to diameters of less than 2 lm (Akhatov et al., 2008). As we show here, convergent nozzles are convenient due to their compact size (in our case, only about 1 mm in diameter and 20 mm long), are simple to fabricate and operate, and can maintain targets at atmospheric pressure until they rapidly exit into vacuum in less than 1 ls. Such injectors can produce tightly focused beams of sub-lm particles, with focal spots of about 5-lm diameter. Our experiments performed with a 1-lm diameter soft-X-ray FEL beam suggest the basic feasibility of utilizing such injectors for coherent diffractive imaging work.
II. INJECTOR DESIGN AND OPERATIONAL CONCEPT
The injector design considered here consists of a single converging nozzle orifice. Inside of the nozzle, where near-atmospheric pressure is maintained, particles closely follow the convergent gas streamlines. Outside of the nozzle, the gas freely expands into vacuum, and particles of sufficient momentum continue along their initial, radially inward trajectories. This focusing scheme is defined by the angle of the internal convergent nozzle walls, and results in particle trajectories that cross the nozzle's axis of symmetry at a nearly common point. We refer to this common crossover point as the "focal point" of the injector, but note that this point may vary slightly for particles that are initially located at different distances from the symmetry axis. Figure 1 shows the basic operational concept of the injector.
In our first experiments, described here, we used an injector with a convergence angle of 30
, and an exit-orifice diameter of 100 lm. A central cross section through a 3D X-ray tomogram of the injector nozzle tip is shown in Figure 2 (a). Ceramic nozzles were fabricated through an injection molding process (Small Precision Tools Inc.) using a mixture of corundum (Al 2 O 3 ) and zirconia (ZrO 2 ). These nozzles had an overall length of 20 mm, an inner diameter of 0.5 mm, and an outer diameter of 1 mm. Aerosolized particles were produced with a gasdynamic virtual nozzle (GDVN) (DePonte, 2008) , which typically generated droplets of about FIG. 1. (a) Schematic of the aerosol injector assembly and convergent nozzle. Liquid drops are formed in a nebulization chamber via a gas-dynamic virtual nozzle, which then pass through a transport tube before reaching the convergent nozzle depicted in (b). Particle trajectories closely follow the gas streamlines within the convergent nozzle, which is at nearatmospheric pressure. Upon exiting the nozzle, the pressure suddenly drops, and the ejected high-speed particles follow nearly straight-line trajectories, though they may accelerate slightly upon exiting. All particles cross over the nozzle's axis of symmetry at a common focal point that varies only slightly with the initial position of the particles at the exit orifice. The slightly curved trajectories of particles exiting the nozzle are exaggerated for illustrative purposes.
1-1.5 lm diameter at a liquid flow rate of about 1-3 ll/min, and a gas mass-flow rate of about 20 mg/min (gas and liquid pressures of about 20-50 bars are typical). The GDVN was housed in a nebulization chamber with inner diameter of about 4 cm and length of about 12 cm. The aerosolized particles passed through a metal tube of 70 cm length and 2.8 cm inner diameter, onto which the nozzle was fixed. The small ceramic tip was epoxied to a glass capillary for ease of mounting. The pressure in the nebulization chamber was monitored with a dial gauge and was typically within about 20% of atmospheric pressure, depending on the flow rate of the liquid-focusing gas in the GDVN. The pressure did not rise far above atmosphere in general, since a one-way valve was used to avoid over pressurization and possible rupture of the nebulization chamber. We used helium as the carrier gas in order to minimize X-ray scattering, and because GDVNs tend to perform best with a lightweight monatomic gas. The use of helium as the carrier gas also increases the particle inertia (as compared to N 2 , for example) and thereby facilitates focusing of smaller particles. Figures 2(b) and 2(c) show the injector mounted inside of the vacuum chamber, with a magnified view of the nozzle tip.
Our choice of nozzle geometry and orifice diameter was based on the components that were available to us for these first experiments. We chose an atmospheric pressure condition within the nozzle both for simplicity and to maintain samples in physiological conditions. Due to the large pressure difference between the aerosol delivery tube and the chamber, the flow through the nozzle is assumed to be choked. In this condition, the exit velocity of the helium gas is limited to the speed of sound, and further reductions in the chamber pressure below 0.4 bar will have no effect on this speed. For a 100-lm orifice, we estimate that the mass-flow rate for helium at atmospheric pressure upstream is 60 mg/min, which is similar to the typical 10-100 mg/min flow rates of our GDVN nozzles. Under this condition, the exiting gas velocity at the centerline of the nozzle reaches values near Mach 1 (Israel and Friedlander, 1967) , approximately 1000 m/s for helium at standard temperature and pressure. Due to the abrupt convergence of the nozzle, particles of sufficiently large aerodynamic size may not have sufficient time to reach their terminal velocity, which is desirable since hit fractions are inversely proportional to the speed of the particle stream.
In nearly all aerodynamic focusing schemes, the parameter of greatest importance is the Stokes number, defined as S ¼ v g s=D, where s is the particle relaxation time or the inverse of the proportionality constant between viscous acceleration of the particle and the difference between particle and gas velocities; s
, where v p is the particle velocity 
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Kirian et al. Struct. Dyn. 2, 041717 (2015) (Rao et al., 1993) . The relaxation time is equal to s ¼
18l g f , where q p is the particle density, D p is the particle diameter, and the parameters C and f are correction factors that depend on particle Knudsen number (ratio of gas mean-free path to particle diameter) and Reynolds number (Liu et al., 1995) . The Stokes number for our nozzle, with 0.5-lm-diameter particles of density 1.05 g/cm 3 , is approximately equal to 17. The critical Stokes number, at which particle beams are focused at infinity, is typically S % 1, although this depends on the exact nozzle geometry (Fuerstenau et al., 1994; Liu et al., 1995) . The relaxation time for a 0.5-lm-diameter polystyrene particle (density q p % 1.05 g/cm 3 ) in atmospheric helium is approximately equal to 3.5 ls, which, as we show below, is longer than the 750 ns that it takes for the particle to reach the focal point at a distance of 205 lm from the injector tip.
Similar flow fields can be achieved when scaling the present design in overall size while constraining the nozzle Reynolds number Re ¼ q g v g D=l g % 940, where q g % 0:18 kg/m 3 is the helium gas density, v g % 1; 000 m/s is the assumed average gas velocity at the nozzle exit plane, D % 1 Â 10 À4 m is the nozzle orifice diameter, and l g % 1:9 Â 10 À5 Pa s is the viscosity of helium at standard temperature and pressure. This Reynolds number is significantly larger than that of an aerodynamic lens stack consisting of several thin-plate orifices, which are typically limited to Re < 100 in order to avoid turbulent flow conditions (Vidal-de-Miguel and de la Mora, 2012) . Indeed, the work of Rao et al. (1993) showed that for values of Re down to at least 15, the aerodynamic focusing effect for convergent nozzles is fairly insensitive to Re. An enlarged nozzle geometry would reduce the potential for nozzle clogging, increase the focal length of the converging aerosol beam, thus placing the X-ray beam further away from the nozzle end, and reduce the particle speeds. However, the particle-beam focus may increase with increasing nozzle size due to geometric aberrations, and the effects of diffusion may become significant.
III. OPTICAL IMAGING AND INJECTOR PERFORMANCE
Our injector was first tested through direct imaging-based measurements of particle velocities and projected particle beam density. A compact pulsed-laser illumination scheme was implemented using a red diode laser of 635-nm wavelength and 10-W average power (DILAS model M1F4S22) coupled to a multi-mode fiber of 400 lm core diameter. The diode laser was pulsed with a custom-built driver (Dr. Heller Elektronik) that generated 100 ns pulses with a top-hat temporal profile at repetition rates up to 100 kHz. The end of the fiber optic was situated near to the injector tip without focusing optics, and we imaged in a quasi-dark-field mode by setting the angle of the fiber optic such that the direct beam did not enter the imaging objective. We used a high-frame-rate CMOS camera (Photron SA4) and a 10Â long-working-distance objective (Edmund Optic 46-144) to record images. The objective was mounted in the vacuum chamber at a working distance of about 33.5 mm, and the image projected through a window directly onto the camera sensor located outside of the chamber. This configuration proved to be sufficient for visualizing scattered light from fast-moving polystyrene particles of diameter down to about 200 nm. Smaller particles can be imaged provided an imaging chip with higher sensitivity or a laser of higher intensity, e.g., with $10 W average power albeit at lower pulse repetition rate, as will be discussed in a subsequent report that details this, and other, optical imaging configurations (Awel et al., unpublished) . We note that in individual exposures we can remove background signal and determine the centroid of an isolated particle at a resolution better than the imaging resolution (Chang et al., 1998) . Since the singlesnapshot images do indeed contain a sparse field of particles, the resolution to which we characterize the projected particle beam profile is likewise at high resolution, akin to the blink microscopy technique of photoactivated localization microscopy (Betzig et al., 2006) . Figure 2 shows the fiber optic situated nearby the injector tip, and Figure 3 shows a sum of 100 images, each with exposures by 5 laser pulses. Particle streaks in this image correspond to a 100-ns-duration exposure. The velocity of the particles can be inferred from the streak length, which was typically 261623 m/s for 500 nm particles and 280611 m/s for 200-nm-diameter particles. Relative particle densities can be estimated by identifying particles as elongated groups of connected pixels that fall above a configurable threshold. The centroids of identified particle streaks shown in Figure 3 were assumed to be representative of particle positions, and we presume that this measure is reasonably accurate even for slightly out-of-focus particle images (the depth of focus for our objective is 3.5 lm). The particle density maps shown in Figure 4 were formed from particle positions obtained in about 43 000 exposures recorded at 1 kHz frame rate (processing on a desktop computer took about 5 min). The densities shown in these maps have been scaled to represent the condition in which particles enter the injector at a rate of 1 MHz, by using the known particle concentration and flow rates along with the number of laser pulses per camera exposure. Specifically, we multiplied the raw histogram counts by 1MHz=ðcQN f Þ, where c is the volume concentration of the sample, Q is the volumetric flow rate of the liquid jet, and N f is the total number of laser flashes that contributed to the histogram. While these density maps may not be true 2D projections throughout the imaging plane, the assumption of a projection is reasonable near the focus of the particle stream. Transmission efficiencies may be calculated using the expression n ¼ fl=v, where n is the total number of particles expected to lie within a slab of thickness l when particles are injected at a frequency f at a fixed velocity v in the direction normal to the slab. By comparing the calculated value of n for 100% transmission against the value of n measured by the histrograms, we estimate that the lower bounds on transmission efficiencies were 18 6 3% and 0.12 6 0:02% for the cases of 500 nm and 200 nm particles, respectively. We have no explanation for the large discrepancy in the transmission efficiency between the two particle sizes, but note that we have made no effort to optimize for transmission, and our particle-identification algorithm has not been optimized to identify every particle (it rejects particle images with low signal-to-noise ratio, and overlapping streaks that fail to meet the maximum length criterion, for example).
The focal point of the particle beam was approximately 205 lm from the nozzle orifice, which the particles reach within about 750 ns after exiting the nozzle. This focal length is rather close to the distance of 187 lm that one would expect from a purely geometric focusing based on the 30 convergence angle of the nozzle (we presume that the longer observed distance may be attributed to the acceleration of particles upon exiting, as drawn qualitatively in Fig. 1) . The throat diameter of the particle beam, outside of which there are few observed particles, is nearly half the diameter of the orifice, similar to previous observations (Fuerstenau et al., 1994) . The FWHM diameter of the particle beams, determined by fitting a Gaussian profile to the focal region of the particle density maps, was 4.2 lm for 500 nm particles and 10.8 lm for 200 nm particles (see Figure 4) . The pressure of the vacuum chamber was maintained at about 0.5 mbar. As predicted by our assumption of choked flow, we did not observe measureable differences in particle speed or density profile when this pressure was increased or decreased by a factor of 10.
Clogging is an important concern when using exit orifices of such small diameter. At the same time, it is likely that small focal spots will correspond to small orifices, so a practical compromise must be made. Cumulatively, the experiments that we have performed so far amount to about 20 h of operation, and over this time period we have encountered clogging issues twice. On the occasions that we observed these clogs, we noticed that the liquid jet was producing noticeably larger droplets than in ideal operation, suggesting that clogs may be averted by careful online observation of the aerosol droplets, perhaps through Mie scattering measurements, or by rejection of large droplets. The optical imaging results described above utilized solutions of polystyrene particles suspended in 2 mM sodium azide at a concentration of 0.04% solids by mass and flow rates of 2 ll/min, which for our nozzle pressure of 45 bars corresponds to droplet diameters of about 1.3 lm (Ganan-Calvo, 1998). Since these droplets are smaller than the 2-lm resolution of our optical microscope, we could not confirm the droplet size at their origin just downstream of the GDVN. For 200 nm particles, it is likely that many droplets contained more than one sphere since we estimate that there were 0.9 spheres per droplet on average. For 500-nm particles, we estimate that there were 0.06 spheres per droplet. We repeatedly observed that no particles were detected at the convergent nozzle exit when pure water or buffer was flown through the GDVN nozzle. Droplet evaporation is facilitated by the fact that the mass flow rate of helium exceeds the mass flow rate of liquid by about one order of magnitude, which helps avoid water vapor saturation.
IV. FEL DIFFRACTION EXPERIMENTS
We tested the feasibility of using our injector for diffractive imaging purposes at the FLASH soft-X-ray FEL facility in Hamburg, Germany. For these experiments, samples of Cydia pomonella granulovirus (CpGV) (Jehle et al., 2006) suspended in water at a concentration of 10 11 particles ml À1 were used for injection. CpGV is a baculovirus that infects invertebrates such as the Codling moth (Cydia pomonella). In these viruses, a single virion, containing the viral genome, is natively embedded in an occlusion body (OB), an in vivo grown polyhedrin protein crystal with a nominal size of 200 Â 200 Â 400 nm 3 . The virus crystals show a narrow size/shape distribution, as can be seen in Figure 5 . The injector system described above was mounted to the diffractive imaging chamber, which was maintained at a pressure of about 5 Â 10 À5 mbar. The laser-imaging system described previously was not available during these measurements, which necessitated a time-consuming scanning approach in order to overlap the X-ray and particle beam. The FLASH FEL is capable of producing pulse trains composed of an arbitrary number of pulses between 1 and 400, spaced with regular 1 ls intervals. These pulse trains repeat at 10 Hz frequency. The FEL beam was tuned to a wavelength of 13.45 nm, and produced pulses of 70 6 20 lJ energy. X-rays were focused to a diameter of approximately 1 lm by a multi-layercoated off-axis parabola with 27-cm focal length (Bajt et al., 2009; Nelson et al., 2009) . Diffraction patterns were recorded on a Princeton Instrument MTE 2048B CCD (2048 Â 2048 pixels, each 13.5 lm in size, 4-s full-frame readout) situated at a sample-to-detector distance of approximately 7 cm. The defocused direct X-ray beam was blocked by a 3-mm-thick Cu beam stop.
In order to overlap the X-ray focus with the particle beam, we collected data in a manyshot mode in which the X-ray CCD integrated the diffraction signal from many-shot pulse trains. Binned images were read out at a rate of 2 frames/s. We monitored hit rates on-line using a simple threshold criterion on the diffraction intensity while translating the injector via motorized translation stages. As hit rates approached 100%, we reduced the number of pulses in each train, eventually reaching the point of single-pulse operation. Approximately 2.5 h were spent on locating the particle beam. Figure 5 shows a single-pulse diffraction pattern from an isolated granulovirus near the focus of the X-ray beam. The two prominent fringe spacings in this diffraction pattern correspond to 400 nm and 313 nm lengths, which agrees well with images of individual granulovirus particles. Image reconstructions were not possible due to the loss of low-spatial-frequency information contained in the beamstop and in the saturated regions seen in the second diffraction peak.
The injector was operated continuously for a total of 4.5 h, and over the course of the final 1.9 h of our experiment we performed several one-dimensional scans of the injector position such that the particle beam crossed the X-ray beam. These scans were performed for two different distances between the X-ray beam and the nozzle tip, which we roughly estimated were at about 300 and 450 lm downstream from the nozzle tip. We estimate that the smallest particlebeam width across which we scanned the X-ray beam was 30 lm FWHM, as determined by plotting the average integrated intensity from 100-pulse exposures as a function of injector position (see Figure 5(c) ). Near this location, an average hit fraction of 18% was estimated from a collection of single-pulse measurements by assuming that all patterns with an integrated intensity above 3r intercepted a particle, where r is the standard deviation of integrated intensities for blank frames. This measure utilized a total of 99 frames that fell within a 30-lm window centered at the nominal particle beam focus. By visual inspection, about 90% of diffraction patterns appeared to arise from virus particle clusters. This is likely caused by the droplet size from the liquid jet being too large for the sample concentration. During these measurements, it is estimated that droplets of a few micrometers in diameter were produced from a nozzle running at a liquid flow rate of 3.5 ll/min, which would indeed result in more than one virus in each drop on average. Nearly all diffraction patterns exhibited a high degree of contrast and asymmetry, which suggests that most of the liquid from the initial droplets had evaporated prior to reaching the convergent nozzle exit (we would otherwise observe rather symmetric diffraction patterns consistent with nearly spherical objects).
Altogether, the data we collected during this experiment were very limited by the total available beamtime. While we observed a large fraction of aggregated particle clusters, we note that the mechanism for generating and conditioning the initial aerosol particle suspension is largely independent of the particle focusing mechanism that we describe here. An electrospray nebulization source, for example, can produce initial droplets that are about an order of magnitude smaller, and with number densities much higher, than the droplets produced by a typical GDVN.
V. DISCUSSION AND CONCLUSIONS
Our optical imaging experiments have shown that a simple convergent nozzle can focus low-density nanoparticle beams to FWHM diameters of 4.2 and 10.8 lm, for particle diameters of 500 and 200 nm, respectively. We also demonstrated that such nozzles can be used to inject 200 Â 200 Â 400-nm 3 virus particles into the 1-lm focus of a soft-X-ray FEL. The question of how a convergent nozzle compares against an aerodynamic lens stack naturally arises, and we emphasize that these two injectors differ in many respects, and therefore can only be compared directly when a particular set of particle and pressure constraints are imposed. While the present work is by no means intended to conclude that convergent nozzles are better-suited to XFEL diffractive imaging in general, we wish to identify the many motivations for their continued development. The size and shape of the nozzle we tested here are practically identical to that of a liquid-jet nozzle, and therefore one can utilize the same basic hardware infrastructure for imaging experiments based on both liquid-jet and aerosol injection, with little time needed to switch between configurations. The use of a small nozzle also suggests the feasibility of mass fabrication through injection-molding techniques, as well as the consideration of acoustically pulsing the ejection of particles, which, when synchronized with the X-ray beam, could lead to significant improvements to sample delivery efficiency. Due to the small 100-lm apertures of the nozzles we tested, we were able to operate at atmospheric pressure within the nozzle, which may be advantageous for targets that must be maintained at nearly physiological temperatures and pressures.
We observed particle speeds in the range of about 230-300 m/s for particles in the range of 0.2-0.5 lm diameter, which is somewhat greater than the roughly 100-m/s speeds measured with aerodynamic lens stacks . However, this speed increase is accompanied by a reduced particle beam diameter-if velocity increases in proportion to beam diameter, hit rates will be unaffected since this quantity scales inversely with both velocity and beam diameter. Our smallest observed beam diameter of 4.2 lm is considerably smaller than that achieved with aerodynamic lenses by more than the ratio of two of the particle velocity in the converging nozzle to that of the aerodynamic lens, suggesting that hit fractions should be higher than for aerodynamic lenses. Increased speeds may even be of advantage in some cases, for example, at high-repetition-rate XFELs where high-energy debris from intercepted particles must be rapidly cleared away before a subsequent X-ray pulse arrives, and pre-exposure of upstream particles by the extended profile of the intense X-ray beam may cause radiation damage. In the case of tightly focused particle beams that are comparable to the size of the X-ray beam, the fraction of diffraction patterns arising from faint regions of the X-ray beam could be reduced significantly.
The cost associated with the tight focus of a convergent aerosol beam is that maximizing the hit rate requires a three-dimensional scan of the injector position relative to the convergent X-ray focus, rather than a two-dimensional scan needed for a collimated particle beam (produced, for example, by an aerodynamic lens stack). We found this to be a significant challenge in our soft-X-ray FEL measurements. However, we have demonstrated a laser illumination system that can likely remedy this problem, with the added benefit of direct on-line imaging of the aerosol beam that would allow one to rapidly identify and diagnose injector problems, as well as optimize the sample injector for highest projected particle density (Awel et al., unpublished) . It should be noted that the offline optimization of particle beam diameter alone does not necessarily optimize the hit fraction since factors such as particle velocity and transmission efficiency are also important. Direct imaging is a straightforward and non-invasive means of determining such parameters independently, although, ultimately, a projected particle density is the only measurement needed to estimate hit fractions.
The conditions that we investigated here, namely, atmospheric pressure and a small choked-flow orifice, worked particularly well for particles of 0.5-lm diameter over periods of several hours. We observed that smaller particles of 0.2-lm diameter did not focus as well, and we expect this trend to continue with decreasing diameter since the focusing mechanism is strongly dependent on the particle's momentum. In order to maintain atmospheric pressure upstream of the orifice, and simultaneously maintain the chamber pressure at sufficiently low pressure for nanoparticle imaging, it is likely that a smaller orifice is required to achieve adequate focusing. Clogging issues may arise for significantly smaller orifices, and therefore one might instead reduce the pressure in the nozzle in order to focus smaller particles.
Our present convergent nozzle injects gas into the experimental chamber at a higher mass flow rate than an aerodynamic lens stack, since lens stacks operate at lower pressures and necessitate pumping away part of the initial gas load. The increased gas density at the injector exit raises possible concerns regarding the background scatter from the evaporated buffer solution. We estimate that the total scattering from water vapor and helium is about two orders of magnitude lower than the total scattering from a 100-nm virus, assuming a 100-nm x-ray beam with 4 keV photon energy and the flow conditions presented above. Acceptable operational conditions will be strongly dependent on resolution, particle size, and x-ray beam diameter.
Our first proof-of-principle demonstration of a convergent nozzle for soft-X-ray FEL-based nanoparticle imaging was very encouraging. Despite the limited time available for this study, we observed a high hit rate from a beam of viruses with a minimum diameter of 30-lm-FWHM. Given this observation, combined with our optical measurements, we believe that convergent nozzles are a promising pathway toward increased high-intensity hit rates, from samples maintained at atmospheric conditions, with a relatively simple injector.
